Introduction {#S1}
============

Glioblastoma (GBM) is one of the most aggressive brain tumors, and typically exhibits hyper vascularity and marked heterogeneity. GBM constitutes a major clinical problem because of its high rate of recurrence and aggressive phenotype leading to extremely poor prognosis \[[@R1]\]. Accordingly, it is often impossible to resect 100% of tumor mass during surgery and the left over tumor cells might become more aggressive and resistant to future therapies. Although is growing evidence that chemotherapy plays an increasingly significant role in treatment of malignant gliomas, the benefit in survival improvement is not satisfactory \[[@R1]-[@R3]\]. Mortality due to brain cancer has essentially remained unchanged in the last three decades. Therefore, it is important to explore and identify more efficient therapeutic strategies across the blood-brain tumor barrier (BBTB), coupled with an ability to image the true extent of drug delivery to the tumor for the treatment of malignant gliomas. A number of preclinical and clinical studies suggest that natural compounds such as curcumin may represent useful additions to therapeutic regimens of cancer patients \[[@R4]-[@R6]\].

Curcumin (Curc), a yellow pigment in the spice turmeric (Curcuma longa), has been reported for its potential chemopreventive and chemotherapeutic activity by influencing various aspects, such as cell cycle arrest, differentiation, and apoptosis in a series of cancers \[[@R7]-[@R14]\]. In addition, Curc potently inhibited proliferation, migration and invasion of GBM cells in *in- vitro* studies \[[@R15]\]. In human prostate cancer LNCaP cells, Curc reversed the CpG methylation of the promoter region of Neurog1 with restoration of its mRNA and protein expression \[[@R16]\]. Nevertheless, a major criticism of Curc has been the apparent poor systemic bioavailability in *in-vivo* animal models. The latter indicates poor relevance for clinical translation even when patients were given up to 8-10 grams of the free drug orally each day \[[@R12]\]. In addition, systemic delivery of Curc leads to non-specific distribution throughout the body \[[@R17]\]. It is reasonable to explore novel formulations of Curc that overcome the limitations mentioned above. Many attempts have been made to improve the solubility of the highly water insoluble Curc using various types of nanoparticle (NPs), such as polymer NPs, micelles, liposomes, nano-/microemulsions, nanogels, solid lipid NPs, polymer conjugates, self-assemblies, and so on \[[@R12],[@R17],[@R18]\]. These NPs have been used for the delivery of an active form of Curc to tumors \[[@R17]\]. While these long-circulating nanocarriers significantly increase tumor localization of the payload, some limitations exist. First, the targeting effect is highly dependent on the degree of tumor vascularization and angiogenesis. The porosity and pore size of tumor vessels vary with the type and status of the tumor; thus, the passive targeting effect may not be always achieved in all tumors. For example, a recent study evaluated the influence of nanoparticle size on BBTB permeability and showed that gadolinium chelated dendrimer nanoparticles with core sizes of \<12 nm were able to permeate the BBTB, whereas larger nanoparticles were hindered \[[@R19]\]. Thus, progress toward the effective clinical treatment of GBM has been hampered due to ineffective drug delivery across the BBTB, combined with an inability to image the true extent of drug delivery to the tumor.

We have recently developed dendrimer-based paramagnetic nanoparticles that are detected by standard magnetic resonance (MR) relaxivity methods \[[@R20],[@R21]\] or new MRI methods based on PARAmagnetic Chemical Exchange Saturation Transfer (PARACEST) \[[@R22],[@R23]\]. We have demonstrated that a generation 5 (G5) PAMAM dendrimer decorated with PARACEST agents and fluorophore preferentially accumulated in an orthotopic pre-clinical U87 glioma due to the enhanced permeability and retention effect (EPR). This dendritic conjugate is an attractive foundation for the development of a broadly useful platform for both targeted brain tumor drug delivery and non-invasive molecular imaging. Here, we report a new Curc-conjugated generation 3 (G3) dendrimer to improve *in vivo* systemic bioavailability and deliver drug selectively into brain tumors with a compromised BBTB, thus improving its diagnostic imaging potential (i.e. theranostic) as well as minimizing drug-related systemic toxicity. This water soluble G3-Curc prodrug is a promising new formulation that overcomes a major impediment critical for clinical translation of Curc to cancer patients by improving systemic bioavailability, and by extension, therapeutic efficacy.

Materials and Methods {#S2}
=====================

Materials {#S3}
---------

All reagents used were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise stated. G3-PAMAM succinamic acid (10 wt.%) in methanol was obtained from Dendritech (Midland, MI) and it was dried in vacuo prior to use. 4-Dimethylaminopyridine (99%) Dimethylsulfoxide anhydrous (≥99.9%), N,N\'-[dicyclohexylcarbodiimide](http://en.wikipedia.org/wiki/Dicyclohexylcarbodiimide) (99%) and Sodium bicarbonate (100%) were purchased from Sigma Aldrich and were used without further purifications. Sodium hydroxide (100%) and 2-Methylbutane (95%) were purchased from Fisher Scientific and were also used without further purification. Dendrimeric curcumin conjugates were purified by repeated ultrafiltration with deionized water using appropriate molecular weight cut-offs (Millipore's Amicon Ultra centrifugal filters). ^1^H- NMR spectra were obtained using an Agilent 600 NMR spectrophotometer operating at 599.77 MHz. Deuterated DMSO(DMSO-d~6~) and Deuterated D~2~O were used as NMR solvents and Chemical shifts (δ) are given in ppm with reference to the internal standard Tetramethylsilane (TMS, δ = 0 ppm). The molecular weights of the conjugates were analyzed using a [Micromass M\@LDI-R](http://masspec.scripps.edu/services/instruments/maldi10.php) or [Applied Biosystems DE](http://masspec.scripps.edu/services/instruments/abde5.php) Maldi-TOF spectrometer.

MRI method {#S4}
----------

An isotropic 3D FIESTA MR image was acquired to locate the U251 glioma in the rat model using 3T (GE, excite) clinical MRI system fitted with dedicated small animal coil (Litzcage small animal imaging system, Doty Scientific Inc, Columbia, SC) \[[@R23]\]. The FIESTA images were obtained with the following parameters: TR: 11.4 msec; TE: 5.61 msec; 0.3 mm slice thickness; 200 × 200 matrix; 300 × 300 μm in-plane resolution; 60 × 60 mm field of view; 2 averages. To prepare for the MRI exam, a rat was anesthetized with 1.5-2.0% isoflurane delivered in 2 L/min oxygen gas ventilation, and a catheter was inserted into the tail vein to facilitate the injection of the MRI contrast agent. The rat was secured in a customized MRI-compatible cradle to prevent injury during the MRI exam, and probes for monitoring rectal temperature and respiration was connected to the rat. The tumor was visualized by the intravenous injection of clinically used Gd-DTPA (0.1 mmol based on Gd/kg concentration).

Optical imaging {#S5}
---------------

After *in vivo* imaging, the rat was euthanized using CO~2~ asphyxiation and perfused by intracardiac injection of 100 mL PBS followed by 3% paraformaldehyde, and then kept in a solution of 3% sucrose and 3% paraformaldehyde during storage \[[@R22]\]. An *ex vivo* fluorescence images of the whole brain and the major organs were acquired using a Kodak Carestream Multispectral Imaging System (Carestream, USA). To obtain an optimal emission image devoid of non-specific fluorescent emission, fluorescence images were acquired using multiple excitation wavelength filters ranging from 400 to 480 nm and a single emission wavelength filter of 600 nm. Spectral profiles were created using spectral analysis software (Carestream) and subtracted optimal images were obtained. For each optical image set, an X-ray image was also obtained to validate the anatomic location of the tumor as well as major organs (the Fluorescence and X-ray images were overlayed). The brain was snap-frozen and cut into 6-8 μm thick sections for further analysis with fluorescence microscopy. For fluorescent microscopic detection of curcumin conjugated to G3, a proper excitation and emission filter was used. Nuclei were visualized with DAPI (Sigma), using standard histological staining procedures as recommended by the suppliers of reagents.

LC-MS/MS method for determination of curcumin in serum {#S6}
------------------------------------------------------

The concentrations of curcumin in serum were determined using a high-performance liquid chromatographic method with mass spectrometric detection (LC-MS/MS). To 100 μl of plasma, 200 μl methanol containing 2% formic acid was added, and the mixture was vortex-mixed for 1 minutes, centrifuged at 14000 RPM for 5 minutes. Zileuton was used as internal standard. The supernatant was collected, and a volume of 10 μl was injected into the HPLC.

Chromatographic analysis was performed using a Waters Model 2695 separations system (Milford, MA, USA). Separation of the analytes from potentially interfering material was achieved using Waters Xterra MS C18 column (50 × 2.1 mm i.d., 3.5 μm) protected by a Waters Xterra MS C18 guard column (3.5 μm, 10 × 2.1 mm i.d ). The mobile phase used for the chromatographic separation was composed of methanol/0.45% formic acid in water (70:30, v/v), and was delivered isocratically at a flow rate of 0.2 mL/min. The column effluent was monitored using a Waters Quattro Micro^™^ triple quadrupole mass-spectrometric detector (Milford, MA, USA). The instrument was equipped with an electrospray ionization source, and controlled by the Masslynx version 4.1 software. The samples were analyzed using an electrospray probe in the negative ionization mode operating at a cone voltage of 24 V for curcumin and in the positive ionization mode at a cone voltage of 13 V for internal standard zileuton. Samples were introduced into the ionization source through a heated nebulized probe (350°C). The spectrometer was programmed to allow the \[MH\]^+^ ion of curcumin at *m/z* 367.0 and zileuton at *m/z* 237.0 to pass through the first quadrupole (Q1) and into the collision cell (Q2). The collision energy was set at 22 and 19 eV for curcumin and zileuton, respectively. The product ions for curcumin (*m/z* 149.0) and zileuton (*m/z* 161.0) were monitored through the third quadrupole (Q3). Argon was used as collision gas, and the dwell time per channel was 0.2 sec for data collection. The linear calibration curve was set at curcumin serum concentrations ranging from 10 to 10,000 ng/ml. The intra- and inter-day accuracy and precision for QC samples were within 15%.

Synthesis of G3-PAMAM-(Succinimic acid)-Curcumin~24~ conjugate {#S7}
--------------------------------------------------------------

To a 100 mL round bottom flask, was added G3-PAMAM-(succinimic acid)~32~ (0.27 g, 0.027 mmol, 1 equiv.) and it was dissolved in DMSO (10 mL). To a separate 50 mL centrifuge tube, was added curcumin (0.3136 g, 0.85 mmol, 32 equiv.) and it was dissolved in DMSO (10 mL). To the solution of G3-PAMAM-(succinimic acid)~32~ in DMSO was added the solution of curcumin and the centrifuge tube was rinsed with portions of DMSO (2 × 5 mL), which was also added to the reaction mixture. Then, to the reaction were added 4-dimethylaminopyridine (1.0 mg) and N, N'-Dicyclohexylcarbodiimide (0.1756 g, 0.8512 mmol, 32 equiv.) and the reaction was left to stir for 24 h at room temperature. After transferring the reaction to a 500 mL Erlenmeyer flask, it was diluted by the addition of distilled water (300 mL) and was allowed to stir at room temperature for 0.5 h. Then, the reaction mixture was filtered multiple times until a clear solution was observed. Finally, the filtrate was diafiltered using Amicon^®^ Ultra centrifugal filter (3,000 MWCO, regenerated cellulose) and was washed with distilled water (3 times) under the same conditions. Then, the sample was pre-frozen in dry ice cooled 2-methylbutane and was freeze dried on the Freeze drier. Finally, 0.5108 g of yellowish orange product was obtained. Maldi-TOF ([Supporting information Figure S1](#SD1){ref-type="supplementary-material"}) m/z: 19005 g.

Result and Discussion {#S8}
=====================

Curcumin (Curc) was conjugated with G3-succinamic acid dendrimer (G3-COOH~32~) through DMP (4-dimethylaminopyridine)/DCC (dicyclohexylcarbodiimide) coupling method. The conjugate, G3-Curc ([Figure 1A](#F1){ref-type="fig"}) was purified by diafiltration using C-3 membrane filter (MW cutoff size \>3,000 g). G3-Curc was characterized by ^1^H NMR, Uv-visible and maldi-tof mass spectrometric methods. ^1^H NMR spectrum ([Figure 1B](#F1){ref-type="fig"}) showed the multiplets between Δ 1.0 and 4.0 ppm corresponding to the presence of −CH and −CH~2~ protons from Curc and PAMAM G3-succinamic acid \[[@R24],[@R25]\]. On the other hand, several peaks between Δ 6.6 and 8.4 ppm showed the presence of hydrogen atoms on the phenyl ring in Curc \[[@R25]\]. Due to the overlapping of the multiple peaks in the NMR spectrum, the complete characterization of the protons was not achieved. Using maldi-tof mass spectroscopy the number of Curc molecules per dendrimer was estimated. G3-succinamic acid (G3-COOH~32~) has a mass of 10,109 g/mole and G3-Curc conjugate was shown to have a mass of 19,005 g/mole ([Figure S1](#SD1){ref-type="supplementary-material"}). Since Curc has an approximate mass of 368.38 g, the conjugate was shown in [Figure 1A](#F1){ref-type="fig"} to contain 24 Curc molecules per dendrimer corresponding to a conjugation yield of 75%. The G3-Curc polymer conjugate ([Figure 1A](#F1){ref-type="fig"}) was highly water soluble while natural free Curc was completely water insoluble as shown in [Figure S2](#SD1){ref-type="supplementary-material"}. Therefore, we have succeeded in conjugating a water insoluble Curc with high-solubility G3 polymers that bear an additional advantage as a prodrug with enhanced aqueous solubility. As a water soluble prodrug, it should further increase the bioavailability of the drug and therefore have the potential to enhance its cytotoxic effect. The absorption spectra of Curc, G3-succinamic acid and G3-Curc conjugate (in H~2~O) is shown in [Figure S3](#SD1){ref-type="supplementary-material"}. Only G3-Curc showed an absorption maxima (λ~max~) around 435 nm. However, in dimethyl sulfoxide (DMSO) Curc and G3-Curc also showed absorption maxima at 435 nm ([Figure S4](#SD1){ref-type="supplementary-material"}). Therefore, conjugation of Curc to G3 dendrimer did not shift the absorption maxima of free Curc. Free Curc (in DMSO) was used to generate a standard concentration curve for the estimation of Curc content in G3-Curc conjugate. The content of Curc in the conjugate was estimated from the absorption spectroscopic method which was also in good agreement with the result based on maldi-tof.

To study cellular internalization of G3-Curc, we added G3-Curc to the glioma U251 cells and incubated for 3 h. Then we washed the cells at pH 7.4 to remove any reversibly bound G3-Curc. The cellular uptake of G3-Curc was significantly higher as clearly demonstrated in [Figure 2](#F2){ref-type="fig"}. The location of the green fluorescence from Curc indicates perinuclear and cytosolic distribution of G3-Curc. In contrast Curc was insoluble in water and no intracellular internalization was observed. Therefore, Curc was mainly transported into the cells by nanoparticles and localized in both the nuclei and the cytoplasm ([Figure 2](#F2){ref-type="fig"}).

All animal experiments were approved by Institutional Animals Care and User Committee (IACUC). We determined serum pharmacokinetics and tissue distribution of the G3-Curc. In order to perform bioavailability of G3-Curc in mice, the mice were randomly assigned to either G3-Curc or Curc group. G3-Curc (100 mg/kg equivalent to Curc in water) was administered to mice by intravenously. The mice were sacrificed at 0.5, 1.0, 1.5, 3.0 and 4.0 hours later by euthanasia, the blood was collected by heart puncture, and the serum was separated by centrifugation at 14000 rpm for 2 min. HPLC profiles of serum were depicted in [Figure S5](#SD1){ref-type="supplementary-material"}. 3 mice were used for each time point. A maximum serum concentration of 90 ng of Curc per mL was detected at 0.50 h after intravenous administration of G3-Curc. However, curcumin levels in the serum reported was as "total" curcumin (free drug plus drug released from G3-Curc conjugate) per milliliter of serum. Many preclinical and clinical studies in mice, rats and humans revealed a low bioavailability of curcumin \[[@R26]\]. Although 10 or 12 g/ml of curcumin administered orally in humans showed curcumin levels in serum to be approximately 50 ng/ml, this resulted in a minimum availability of curcumin in the blood circulation to achieve its therapeutic effects \[[@R27]\]. Therefore, conjugation of Curc to a G3 dendrimer resulted an improved bioavailibity of Curc.

Orthotopic human glioma was created in nude rats by implanting 4 × 10^5^ human U251 malignant glioma cells according to our recent published method \[[@R22],[@R28]\]. A T1 weighted multislice coronal sequence (TR: 11.4 msec; TE: 5.61 msec; 0.3 mm slice thickness; 200 × 200 matrix; 300 × 300 μm in-plane resolution; 60 × 60 mm field of view; 2 averages) was run with Gd-DTPA injection in order to locate the tumor ([Figure 3a](#F3){ref-type="fig"}). Immediately after acquisition of the MRI data was completed, G3-Curc (20 μM based on Curc concentration) was injected intravenously. The following day, the animal was sacrificed and the organs were collected by perfusion for *ex-vivo* fluorescence imaging. A higher fluorescence signal is detected in the tumor ([Figure 3b](#F3){ref-type="fig"}). We achieved high contrast ratio (8-10), which suggests that G3-Curc mostly accumulates in the tumor. Thus, G3-Curc nanoparticles showed more accumulation in tumor and/or less renal uptake ([Figure 3c-K](#F3){ref-type="fig"}), likely due to small particle size, optimal surface charge, and hydrophilicity in blood. It has been demonstrated that after oral administration of 400 mg of curcumin to rats only traces of unchanged drug were found in the liver and kidney. At 30 min, 90% of curcumin was found in the stomach and small intestine, but only 1% was present at 24 h \[[@R29]\]. While Curc has shown a wide range of non-specific in vivo distribution \[[@R12]\], G3-Curc preferentially accumulated at the tumor site.

For further fluorescence microscopy analysis, the U-251 tumor was snap-frozen and cut into 6-8 μm thick sections. The specificity of G3-Curc was further investigated with *ex vivo* multicolor fluorescence microscopy, which showed accumulation of the particles in glioma tumor tissue selective for nuclear distribution ([Figure 4](#F4){ref-type="fig"}). Therefore, conjugation of Curc to G3 carrier improved bioavailability and tumor targeting. Importantly, tumor selective biodistribution ([Figure 3](#F3){ref-type="fig"}) of G3-Cur suggests minimum drug induced side effects in normal tissue. To the best of our knowledge, this is the first example of curcumin-based nanoparticle that can cross BBTB and accumulated into U-251 glioma tumor selectively.

In order to examine our hypothesis that water soluble G3-Curc improves therapeutic efficacy, we evaluated *in vitro* cytotoxicity of G3-Curc against a series of cancer cell lines by the MTT assay. After 24 hours incubation of G3-Curc, cytotoxicity of G3-Curc and free Curc were evaluated in MDA-MB-231 breast cancer cells, U-251 human malignant glioma, and squamous head and neck cancer (HNSCC) cells (HPV \[[@R30]\] negative and HPV positive cells). *In vitro* studies proved that the cytotoxicity of G3-Curc conjugate was more effective against different types of cancer cells in a dose-dependent manner ([Figure 5](#F5){ref-type="fig"}). In addition, G3-Curc conjugate showed lower IC~50~ than that of free Curc. While small molecule chemotherapeutic drugs are insensitive against HPV negative cells \[[@R30]\], interestingly G3-Curc was more sensitive against HPV negative cells than that of HPV positive cells ([Figure 5C and 5D](#F5){ref-type="fig"}). The present results suggest that G3-Curc conjugate could be a potentially useful chemotherapeutic formulation for different types of cancer therapy including drug insensitive HPV negative cells.

Conclusion {#S9}
==========

In this study, we have developed a new dendrimer-based curcumin conjugate which improves water solubility and the bioavailability of curcumin. *Ex-vivo* fluorescence imaging showed tumor specific distribution of the G3-Curc conjugate avoiding other major organs. Additionally, *ex vivo* fluorescence imaging and fluorescent microscopy of the tumor tissue indicates specificity for nuclear distribution of G3-Curc. Therefore, G3-Curc conjugate is a promising therapeutic agent for the treatment of human diseases.

Supplementary Material {#SM}
======================

The authors acknowldege research support from the National Institutes of Health (NIH) grant RO1CA206190 to MMA.

Disclosure

The authors report no conflicts of interest in this work.

![Schematic view of curcumin conjugated with a G3 PAMAM succinamic acid dendrimer conjugate (A). ^1^H NMR spectrum of G3-(Curc)~24~ in D~2~O (B).](nihms-817886-f0001){#F1}

![Fluorescent microscopic images of glioma (U251) cells incubated with G3-Cur (6 μM based on Curc concentration) for 3 hours. Intracellular uptake was visualized by green fluorescence of Curc conjugated to G3 succinamic acid dendrimer. Nuclei were visualized with DAPI (bluer accumulation) in panel A. Green fluorescence from G3-Curc nanoparticles is shown in panel B. Panel C depicts merged images of Curc and DAPI fluorescence.](nihms-817886-f0002){#F2}

![The coronal MRI image shows the location of U-251 glioma tumor (a). Optical image obtained under simultaneous white light and filtered (420-480 nm) excitation detected with the emission filter set at 600 nm demonstrating fluorescence in the rat glioma (b). Distribution of G3-Curc in organs (c). Fluorescence images of kidney (K), spleen (Sp), liver, heart (H) and lung (L) and brain (B) collected from a rat bearing a tumor on the next day after injection. G3-Curc selectively accumulated at the glioma tumor site but not contralateral brain.](nihms-817886-f0003){#F3}

![Microscopic fluorescence imaging of frozen tissue section from tumor (20X). DAPI (blue) staining illustrates nuclei (A). Strong, selective distribution of the G3-Curc nanoparticles (green) were visualized in tumor tissue (B). Overlays of fluorescence from the G3-Curc (green) and DAPI are shown in panel C. A high-resolution view showed accumulation of the G3-Curc within tumor cell nuclei validated by DAPI staining for viable cellularity.](nihms-817886-f0004){#F4}

![Cytotoxicity of G3-Curc (![](nihms-817886-ig0006.jpg)) and free Curc (![](nihms-817886-ig0007.jpg)) was evaluated by MTT assay against U-251 human malignant glioma (A), MDA-MB-231 breast cancer (B), squamous head and neck cancer (HNSCC) cells, HPV+ (C) and HPV- (D) cells. *In vitro* studies proved that the cytotoxicity of G3-Curc conjugate was more effective against different types of cancer cells in a dose-dependent manner.](nihms-817886-f0005){#F5}
